The role of reduced dimensionality and of the surface on electron-phonon (e-ph) coupling in silicon nanowires is determined from first principles. Surface termination and chemistry is found to have a relatively small influence, whereas reduced dimensionality fundamentally alters the behavior of deformation potentials. As a consequence, electron coupling to 'breathing modes' emerges that can not be described by conventional treatments of e-ph coupling. The consequences for physical properties such as scattering lengths and mobilities is significant: the mobilities for [110] grown wires is 6 times larger than for [100] wires, an effect that can not be predicted without the form we find for Si nanowire deformation potentials.
of phonons with electrons reduces thermal conductivity, yielding better thermoelectric attributes.
But although electron-phonon coupling in bulk semiconductors has been extensively studied, the nanoscale regime is not so well understood.
Materials when structured as low-dimensional systems are known to exhibit new behavior relative to their macroscopic properties. In the case of silicon nanowires, quasi-one dimensional structures, band folding can result in an electronic structure with a direct band gap. The Increased surface to volume ratio permits the surface chemistry to significantly alter the value of band gaps . 11, 12 In this paper, we demonstrate that reduced dimensionality in silicon nanowires also has a significant impact on electron-phonon (e-ph) interactions that has not been previously anticipated.
We derive a new form for deformation potentials in Si nanowires that enables a general approach to the calculation of e-ph couplings, an approach that may be readily extended to other semiconductor nanowires. The validity of such macroscopic theories at the nanoscale is central to advancing semiconductor technology (see, e.g., the developments in the effective mass approximation [13] [14] [15] ).
To our knowledge, this is the first paper to address the effects of dimensionality on the deformation potential theory.
For this purpose, we employ density functional theory (DFT) to calculate the band structure of Si nanowires and apply strain to extract the deformation potentials. DFT is known to give good agreement with experiments of the band gap pressure dependence 16, 17 and to give accurate deformation potentials that reproduce the n-type carrier mobility in bulk. 18 Focusing on electrons, we find that contrary to common assumption, the tabulated deformation potentials not only vary as a function of size and orientation but also vary with respect to the direction of the applied strain.
This has a direct influence on the strength of the scattering of electrons by phonons travelling in different directions. We develop a simple theory to take into account the full anisotropy of the deformation potentials and its impact on electron mobility. The effect of the direction of growth of the wires and surface passivation is also studied. Notably, the deformation potentials in [110]-oriented wires are found to be highly anisotropic when compared to those of [100] wires or bulk silicon. This results in the suppression of the scattering from breathing modes, and, coupled to their lower effective mass, leads to much higher mobilities for [110] wires.
Electron-phonon coupling in nanowires can be expressed in a similar manner to the deformation potential theory for anisotropic scattering in multi-valley semiconductors. 19 A first approximation might be to use the bulk values for the deformation potentials to determine an isotropic model independent of the nanowire diameter or surface termination together with the effective masses calculated for specific nanowires. Unfortunately, as Leu et al 20 find in their recent paper, the deformation potentials of the valence and conduction bands of [110] and [111] Si nanowires are substantially different from those in bulk Si for strains applied along the nanowire axis. A common practice is to assume an isotropic e-ph scattering rate with an effective value to account for deformation potential variations in nanowires relative to bulk, 21-23 greatly simplifying the calculation of physical quantities derived from the deformation potential. Speaking against this approach is the fact that Fischetti and Laux 24 have shown that the anisotropy of the e-ph matrix element has a substantial effect on the magnitude of the electron-phonon scattering rate in a 2D electron gas in silicon.
The effect of an acoustic phonon on the electronic band structure is equivalent to that produced by a slowly varying strain in the direction of the phonon. This strain introduces a correspondent slowly varying potential that scatters the electrons. The change in the energy of a band per unit of strain is called a deformation potential. The deformation potential theory for bulk semiconductors has been developed by Herring and Vogt, 19 who find the anisotropic electron-acoustic phonon matrix element for an elliptical valley in silicon to be:
where Ξ d and Ξ u are the dilatation and the uniaxial-shear deformation potentials, respectively, q is the phonon momentum,k α is a unit vector parallel to the k-vector of valley α and δ R energies E y and E z , respectively. From explicit band calculations for a nanowire, the four valleys that fold into Γ are not exactly degenerate owing to level splitting introduced by the surface. We can use a simple theory in which the effect of the surface is to introduce interactions between four degenerate bands, so that the CB minima in the SiNW can be described by the eigenvalues of the following matrix,
where α and β are the g-type and f-type matrix elements between the bulk-like bands, respectively, introduced by the presence of the surface. The four eigenvalues of this matrix are
In the absence of strain, E x , E y and E z are degenerate and E 1 = E 2 , which we find to hold for hydrogenated SiNWs. 26 Similarly, in a (3) and (4), we can obtain 
where the q i are the cartesian components of the dimensionless unit vectorq along the phonon momentum.
In what follows, we use the values of [ 
where the upper and lower symbols in "±" indicate the emission or absorption of a phonon, L i are the dimensions of a wire of rectangular cross section, with x the periodic direction, v k is the velocity of carriers with momentum k,ê ζ q the polarization of a phonon with momentum q in branch ζ , and
is the overlap factor of the wavefunctions (see Note 25 for the meaning of the indices and vectors in this context). The choice of "effective mass" wavefunctions for Eq. (7) over the Kohn-Sham wavefunctions is based on ease of use and to simplify the understanding of the different contributions to the scattering from the different modes. This approximation should work for large wires.
In smaller wires, the electron confinement and the matrix elements introduced by the surface push five of the six sub-bands up in energy, beyond the range of acoustic phonon scattering at room temperature. As a result, this approximation works well for the lowest sub-band, which is the main contributor the the mobility. Some corrections should be expected for the scattering into higher sub-bands, but they are not important for the cases considered in this work. We therefore expect the main difference in comparing the different wires to come from the deformation potentials. Eq.
(6) can be solved numerically, and using the elastic approximation does not yield noticeable differ-ences. The acoustic phonon-limited mobility can then be obtained as µ(
, where m t is the effective mass of a carrier in the conduction band. Thanks to the breaking of the degeneracy of the conduction bands due to the surface matrix elements and confinement observed, we expect the contribution from optical and intervalley to be small for the range of energies considered in this work. We would like to point out that, while we have used the bulk phonon dispersions, discretised perpendicular to the wire axis, the effect of the full deformation potential remains the same, and we do not expect a large difference in the mobilities between this approach and using the phonon band structure of the wires. 28 The room temperature mobilities µ(E The mobility obtained by using bulk deformation potential values underestimates the scattering by longitudinal phonons along the wire direction resulting in a significant overestimation of the electron mobility. It has been argued 22 that it is possible to build an approximation by which the value of an isotropic deformation potential reproduces the universal mobility curve obtained from wires of large diameter. However, this approach underestimates the electron mobility relative to the use of the explicit model developed in this work, as displayed by the green curve (labeled Iso) in
Alternatively, to determine whether we can apply an isotropic model to reproduce the calculated mobility, we may attempt to define an effective isotropic deformation potential
that, used with an isotropic version of Eq. (6) (26) DFT calculations were performed using the Quantum-Espresso package. 29 We used the local density approximation for exchange and correlation, and norm conserving pseudopotentials generated by Von Barth-Car. A cut off energy of 408 eV for the plane-wave expansion and a Monkhorst-Pack k point number of 4 along the NW growth direction are sufficient converge all paramenters within the significant figures presented. The interwire distance is no less than 1nm, such that there is no significant overlap between the wavefunctions of neighbouring wires in a supercell. Structures were optimized such that the force on each atom is smaller than 10 −6 Ryd/Bohr.
(27) To obtain the band shifts with strain, and hence the deformation potentials, we subtract the band eigenvalue of the unstrained cell from that of the strained cell, using two different unit cell calculations. To define a reference potential, we ensure that the average of the local potential is the same for both cells in the vacuum outside the nanowire. 
